Objectives. To determine the presence and clinical associations of the soluble receptors of B cell-activating factor from the tumor necrosis factor family (BAFF) in serum of patients with systemic lupus erythematosus (SLE). Methods. Serum BAFF and soluble BAFF receptor (sBAFF-R) were quantified using ELISA, and soluble B cell maturation antigen (sBCMA) and transmembrane activator and cyclophilin ligand interactor (sTACI) by Luminex, in 87 SLE patients and 17 healthy controls (HC). Disease activity and organ damage were assessed using SLE Disease Activity Index 2000 (SLEDAI-2K) and Systemic Lupus International Collaborating Clinics (SLICC) SLE Damage Index (SDI), respectively. Results. BAFF and all receptors were detectable in all serum samples. Serum sBCMA and sTACI, but not sBAFF-R, were significantly higher in SLE than in HC. Serum BAFF was also increased in SLE, but this association was attenuated after adjusting for age and ethnicity. Increased serum BAFF was associated with flare and organ damage. Increased serum sBCMA was associated with the presence of anti-dsDNA, but not with overall or organ-specific disease activity, flare or organ damage. Neither sTACI nor sBAFF-R was associated with any SLE clinical parameters in multivariable analysis.
INTRODUCTION
Systemic lupus erythematosus (SLE) is an unpredictable and multifaceted chronic systemic autoimmune disease. 1 One of the most prominent breakthroughs in SLE has been the discovery of the pathogenic role of B cell-activating factor from the tumor necrosis factor (TNF) family (BAFF) [also known as B lymphocyte stimulator (BLyS)]. 2 BAFF has a crucial role in B cell maturation, differentiation and survival, and is part of the BAFF/a proliferation-inducing ligand (APRIL) system. BAFF and APRIL ligate two cognate receptors, transmembrane activator and cyclophilin ligand interactor (TACI) and B cell maturation antigen (BCMA), and BAFF also ligates BAFF receptor (BAFF-R). 2 These receptors transduce distinct signals; BCMA activation is important for long-lived plasma cell survival, BAFF-R activation for survival and maturation of immature B cells and TACI for B cell regulation, class-switch recombination and T cell-independent antibody responses. 2 BAFF-transgenic mice develop SLE-like features, 3 and high serum BAFF levels are a feature of some mouse models of SLElike disease. 4 Compared to healthy controls (HC), patients suffering from SLE harbour significantly higher serum BAFF levels. 2 Serum BAFF has also been reported to be associated with disease activity and autoantibody levels in some studies. 2 The efficacy of a BAFF-targeting therapy, belimumab, 5, 6 gives weight to the fact that BAFF plays a critical pathogenic role in SLE. Nevertheless, this therapy is effective only in a subset of SLE patients, 5, 6 suggesting a potential BAFF-mediated subset of SLE, and a significant unmet need for tools to stratify patients in order to define who may benefit from such therapy.
Published studies regarding the potential role of serum BAFF as a SLE biomarker are inconsistent, 2 both at the overall and organ-specific disease activity level. Amongst all potential causes for these discrepancies, the presence of soluble BAFF receptors in human SLE patients needs to be considered. Hoffmann et al. reported the existence of a soluble form of TACI (sTACI) as the ectodomain of transmembrane TACI, produced following cleavage of TACI by the metalloproteinase ADAM10 from the cell surface of activated B cells. When further cleaved by c-secretase, sTACI can oligomerise to act as a decoy receptor for both BAFF and APRIL. 7 The same group also reported the presence of a soluble form of BCMA (sBCMA) in human sera, produced from cleavage of BCMA from plasma cells by c-secretase, which in vitro acts as a decoy receptor specific for APRIL. 8 The same group showed that sBCMA can also be shed by plasmacytoid dendritic cells via a similar csecretase-dependent cleavage. 9 One study has reported the existence of sBAFF-R, 10 a soluble form of the receptor released by human decidual stromal cells ex vivo, and an inhibitory role in the regulation of interleukin (IL)-6 and TNF secretion by monocytes has been suggested. 10 Some published studies have reported the presence of soluble forms of BAFF receptors in human serum. All three soluble BAFF receptors have been reported in rheumatoid arthritis, 11 and sTACI and sBCMA have been described in multiple sclerosis, multiple myeloma and patients with chronic lymphocytic leukaemia. 7, 8, [12] [13] [14] One group recently reported the presence of sBCMA and sTACI in human SLE 7, 8 ; however, this was in a cohort of modest size (N < 50), and did not investigate clinical phenotypic associations, or association with flare or organ damage. To date, there are no publications on sBAFF-R in SLE.
Here, we aimed to determine the presence and clinical associations of serum soluble BAFF receptors in SLE.
RESULTS

Participants' baseline characteristics
This study included 87 SLE patients, whose baseline characteristics are displayed in Table 1 [3.8, 14 .8] years, respectively. The cohort was predominantly female (89%), 56% of patients were of Asian ethnicity, 36% of patients had active disease, and 62% had permanent organ damage. In all, 57% and 51% of patients were receiving glucocorticoids and immunosuppressants, respectively. Seventeen healthy individuals were enrolled in the HC group, with a median [IQR] age of 41 [28, 44] years, and comprising 88% of female and 29% of individuals of Asian ethnicity. The HC cohort was gender-matched to the SLE cohort (Table 2) . We observed a significant difference in age and a trend towards significant difference in ethnicity between SLE and HC cohorts (Table 2) . Therefore, we adjusted for age and ethnicity in multivariable regression models assessing the associations of serum BAFF and soluble BAFF receptors expressions in SLE compared to HC.
Serum BAFF and soluble BAFF receptors concentrations in SLE
BAFF was detectable in all serum samples from SLE patients and HC. Univariable linear regression analysis showed an association of increased serum BAFF levels in SLE compared to HC of borderline significance (ratio of geometric mean (GM), 1.27; 95% CI 0.99, 1.63; P = 0.06). However, this association was weakened after adjusting for age and ethnicity (ratio of GM 1.25; 95% CI 0.96, 1.64; P = 0.09; Figure 1a ; Supplementary table 1). sBCMA, sTACI and sBAFF-R were also detectable in all SLE and HC serum samples. There was evidence of increased serum sBCMA and sTACI in the SLE group (sBCMA: ratio of GM 1.46; 95% CI 1.35, 1.58; P < 0.01; and sTACI: ratio of GM 1.47; 95% CI 1.11, 1.94; P < 0.01), confirmed after adjusting for age and ethnicity (sBCMA: ratio of GM 1.43; 95% CI 1.28, 1.59; P < 0.01; sTACI: ratio of GM 1.45; 95% CI 1.11, 1.91; P < 0.01; Figure 1b, c; Supplementary tables 2, 3). Serum BAFF was not significantly correlated with concentrations of any soluble BAFF receptors in SLE (Figure 2 ). We did not find any significant difference in serum sBAFF-R levels between SLE and HC ( Figure 1d ). However, serum BAFF was significantly negatively correlated with serum sBAFF-R, while not with sBCMA and sTACI, in HC subjects but not in SLE (Figure 2 ).
Serum BAFF and SLE clinical parameters
We next evaluated potential associations between serum BAFF with demographics and clinical parameters using linear regression. Univariable analysis revealed associations between increased serum BAFF and active disease, flare and organ damage. Serum BAFF levels were greater in SLE patients with active disease with borderline significance (ratio of GM 1.24; 95% CI 0.99, 1.55; P = 0.06; Figure 3a) , flare of disease (ratio of GM 1.29; 95% CI 1.01, 1.65; P = 0.04; Figure 3b ) or irreversible organ damage compared to those without (ratio of GM 1.33; 95% CI 1.07, 1.65; P = 0.01; Figure 3c , Table 3 ). The association between increased serum BAFF and organ damage was confirmed in multivariable analysis, after adjusting for disease duration (adjusted ratio of GM 1.29; 95% CI 1.03, 1.6; P = 0.02). However, the association between increased serum BAFF and active disease was attenuated after adjusting for the use of immunosuppressants (adjusted ratio of GM 1.18; 95% CI 0.93, 1.48; P = 0.17). With respect to laboratory markers, increased serum BAFF concentrations were significantly associated with high ESR, but not with other routine laboratory markers (Table 3) . Serum BAFF was significantly lower in patients receiving hydroxychloroquine, while significantly higher in those receiving immunosuppressants (Table 3) . No significant association was observed between serum BAFF concentrations and other clinical parameters (Table 3) .
We further characterised baseline serum BAFF in relation with longitudinally collected clinical parameters over a median length of follow-up of 2 years following baseline assessment (Table 4) . Univariable logistic regression analysis revealed an association between baseline serum BAFF and time-adjusted mean SLEDAI-2K (AMS), where patients who had high BAFF levels (>median) at baseline visit were more than twice likely to have AMS > 4 (OR, 2.67; 95% CI 1.1, 6.47; P = 0.03; Table 5 ); this association, however, attenuated after adjusting for the use of immunosuppressants (adjusted OR, 2.13, 95% CI 0.84, 5.42; P = 0.11). In addition, patients with high baseline BAFF levels were nearly four times more likely to have organ damage at the final visit when compared to patients with low serum BAFF levels (OR, 3.7; 95% CI 1.39, 9.81; P < 0.01; Table 5 ). We did not find an association between BAFF and flare over time (Table 5) .
Serum soluble BAFF receptors and SLE clinical parameters
Serum sBCMA was significantly associated with the presence of anti-dsDNA in univariable analysis (ratio of GM 1.12; 95% CI 1, 1.26; P = 0.05). Serum sBCMA was not associated with overall or organspecific disease activity, flare or organ damage (Table 3) . Longitudinal analysis revealed no significant association between baseline serum sBCMA and clinical parameters over time (Table 5 ). Univariable analysis revealed that increased serum sBAFF-R was associated with Asian ethnicity (ratio of GM 1.42; 95% CI, 1.01, 2.02; P = 0.04) and with serological SLE Disease Activity Index 2000 (SLEDAI-2K) (ratio of GM 1.35; 95% CI 1.02, 1.78; P = 0.04). However, these associations did not remain significant after adjusting for age (ethnicity: adjusted ratio of GM 1.27; 95% CI 0.87, 1.84; P = 0.22; serological SLEDAI-2K: adjusted ratio of GM 1.2; 95% CI 0.88, 1.62; P = 0.25). As opposed to BAFF, serum sBAFF-R was significantly higher in patients receiving hydroxychloroquine (Table 3) . No significant association was found between serum sBAFF-R and any other SLE clinical parameters in cross-sectional or in longitudinal analyses (Tables 3, 5) .
No significant association was found between serum sTACI and any demographic or clinical parameters in cross-sectional or in longitudinal analyses (Tables 3, 5 ).
DISCUSSION
While BAFF is a well-established therapeutic target in SLE, better understanding of how its expression impacts on disease activity is needed. One possible avenue is the relationship between levels of BAFF and of the soluble forms of the three receptors for BAFF. This study aimed to evaluate the presence of soluble BAFF receptors in serum from a well-defined SLE cohort and to characterise clinical associations. Here, we showed the presence of soluble forms of the three BAFF receptors in all serum samples from SLE patients. The presence of sBAFF-R in human SLE sera has not previously been described. The present study confirmed the presence of both sTACI and sBCMA in sera from SLE patients, in a larger and better-defined cohort than previously reported. 7, 8 Both serum sTACI and sBCMA, but not sBAFF-R, were significantly higher in SLE than in HC. Serum concentrations of BAFF were also increased in SLE compared to HC, but this association was attenuated after adjusting for age and ethnicity. Higher serum sTACI and sBCMA concentrations were previously reported in SLE. 2, 7, 8 It is noteworthy that no significant association was found between serum BAFF and any of its soluble receptors in SLE in the present study. This is in contrast with the sole previously published study on sBCMA in SLE, which reported a positive correlation between serum BAFF and sBCMA. 8 Whether the detected levels of BAFF and its soluble receptors in this study include complexed forms with their respective cognate soluble receptors/ligands is not known. Future research is required to identify complexed and free forms of these proteins.
We report that increased serum BAFF concentrations were associated with organ damage and flare of disease, in line with some published studies. [15] [16] [17] We also report an association between serum BAFF concentrations and the presence of organ damage at follow-up visits, in line with a previous report. 17 Unexpectedly, these cross-sectional and longitudinal associations of serum BAFF with flare and organ damage were independent of the presence of its three soluble receptors.
Laurent et al. recently reported that serum sBCMA was positively correlated with SLEDAI in a cohort of 39 SLE patients. 8 They also showed that sBCMA acted as a decoy only for APRIL. 8 However, we did not find any statistically significant association between sBCMA and disease activity. Moreover, we did not find any association between sBCMA and clinical phenotypes, flare or organ damage. Increased serum sBCMA was significantly associated with anti-dsDNA levels, in line with the trend reported by Laurent et al. 8 Similarly, in contrast to the positive correlation reported between serum sTACI and SLEDAI in untreated SLE, 7 we did not find an association between sTACI and disease activity or any clinical parameters. Discrepancies between our data and these studies may arise from difference in study population with potential difference in phenotypic subsets studied and/or treatment received, as well as in analysis methods. This work constitutes the first study to show the presence of sBAFF-R in sera from SLE. We observed a significant association between increased serum sBAFF-R and active serological SLEDAI-2K; however, this was attenuated after adjusting for age. Serum sBAFF-R was not associated with any other SLE clinical parameters in cross-sectional or longitudinal analyses. Interestingly, a negative correlation between serum BAFF and sBAFF-R was detected in HC samples, but was not observed in SLE, potentially suggesting a loss of co-regulation of these balancing forces in favor of unopposed BAFF action in SLE; this is consistent with the failure to observed increased sBAFF-R in SLE despite other BAFF receptors being elevated. Further research in larger studies would help examine this hypothesis, as well as associations between soluble BAFF receptors and phenotypic SLE subsets under-represented in the present study, such as neurological and musculoskeletal subsets.
SLE is a multifactorial disease, where genetic factors are acknowledged to play an important role in disease pathogenesis. 18 Consistent with this, SLE is reported of a higher prevalence and more severe in different ethnicities, including Asians and Indigenous Australians, than in Caucasians, even when studied at the same centre. 2, 19 Serum BAFF levels, and the relationship of these with disease activity, have been reported to be different between African American and White American SLE patients. 2 Here, no significant difference in serum BAFF was found between Asian and Caucasian patients, in line with our previously published work 20 ; the same was true for serum sTACI and sBCMA. Asian SLE patients displayed significantly higher serum sBAFF-R levels than Caucasians, but this association was not confirmed after adjusting for age. Future larger multiethnic studies evaluating whether ethnicity might influence serum sBAFF-R levels in SLE patients would be of interest.
This study has identifiable limitations. Firstly, recruitment was monocentric. However, the data draw on a very well-characterised longitudinally followed cohort of SLE patients. Secondly, the HC cohort was of modest size and not age-matched to the SLE cohort; multivariable regression analysis, however, enabled adjustment for this demographic variable. Finally, numbers of patients with specific active SLE organ manifestations were small in some subsets, such as neurological SLE, precluding meaningful statistical analysis.
In conclusion, we report the presence of the three soluble BAFF receptors in serum from SLE patients. Serum BAFF, sBCMA and sTACI were significantly higher in SLE than in HC. In contrast, serum sBAFF-R was not elevated in SLE, and the negative correlation between BAFF and sBAFF-R in HC was not observed in SLE. Serum BAFF was associated with flare of disease and organ damage accrual, independent of the presence of its three soluble cognate receptors, which did not vary strongly with disease activity. These data provide insight into the role of the BAFF system in SLE, and show that all BAFF receptors are detectable in this disease, but leave open the need for larger studies of the functional relations between BAFF and its receptors in SLE.
METHODS
Patients and clinical assessments
Adult SLE patients fulfilling the 1997 American College of Rheumatology (ACR) revised criteria for SLE classification 21 were enrolled from the Lupus Clinic at Monash Medical Centre (Clayton, Victoria, Australia) between December 2009 and July 2014. Patients were not receiving anti-BAFF, anti-CD20 or anti-CD22 drugs within 12 months of sample collection. Demographic and clinical data were recorded prospectively, including date of birth, gender, ethnicity, disease duration, disease activity and treatment. Overall SLE disease activity was assessed using the SLEDAI-2K, 22 and SLE was defined as active (SLEDAI-2K > 4) or inactive (SLEDAI-2K ≤ 4), as previously described. 23 The 24 items of the SLEDAI-2K were individually scored, followed by grouping them into nine organ-specific domains (e.g. neurological, mucocutaneous, renal) in order to assess organ-specific disease activity. For example, renal disease activity was measured by adding the four renal components of the SLEDAI-2K: proteinuria, haematuria, urinary casts and pyuria (renal SLEDAI-2K) 24 ; active renal disease was defined as a renal SLEDAI-2K score > 0. The AMS was calculated as the SLEDAI-2K area under the curve divided by the time observed, as previously described. 25 Active disease over time was defined as AMS > 4, as previously described. 26 Flare was defined according to SLE Flare Index. 27 Damage was recorded using the Systemic Lupus International Collaborating Clinics (SLICC) SLE Damage Index (SDI), as previously described. 20, 25 Clinical data were collected for a median of two years following the serum sampling. Healthy individuals were enrolled as a HC group. All individuals gave written informed consent. This study was approved by the Monash Health Human Research Ethics Committee. The study was carried out in accordance with the National Statement of Ethical Conduct in Human Research (2007).
Collection of human biological samples
Blood samples were collected by venepuncture at the time of routine clinical assessment. Serum was isolated using serum-separating blood collection tube, and stored at À80°C until further use, as previously described. 
Serum cytokine and soluble receptors quantification
Commercial ELISA kits were used to quantify serum BAFF (Quantikine, Cat #SBLYS0B, R&D Systems, Minneapolis, MN, USA) and serum sBAFF-R (Cat #qy-e05097, Qayee-Bio, Shanghai, China), following the manufacturer's protocols. A commercial Luminex screening assay kit (polystyrene beads; Cat #LXSAH, R&D Systems) was used to quantify serum sBCMA and sTACI concentrations, using a Bio-Rad Bio-Plex 200 system, following the manufacturer's protocol. Serum sBAFF-R concentrations were not quantified in 6 samples over the 17 HC serum samples tested for BAFF and its soluble receptors.
Statistical analysis
All statistical analyses were performed using Stata version 14.2 (StataCorp, College Station, Texas, USA). Normally distributed data were presented as mean (standard deviation) (SD). Non-normally distributed data were summarised as median and IQR. Spearman's correlation test was used to examine the correlations between BAFF and its soluble receptors (sBAFF-R, sBMCA and sTACI). Categorical variables were analysed by Pearson's chi-squared test or Fisher's exact test when appropriate. The Mann-Whitney Utest was used to assess differences in non-normal continuous variables between the SLE and HC groups.
Cytokine and soluble receptors concentrations were positively skewed in distribution and were therefore log 10 -transformed before being used as outcomes in linear regression analyses. Bootstrap methods were incorporated to derive robust standard errors when data did not resemble perfect normal distribution even after log 10 transformation. Potential confounders were tested for inclusion in multivariable regression models, including demographic and treatment data. All three serum soluble BAFF receptors were tested as potential confounders for association between serum BAFF and clinical parameters, and vice versa. In longitudinal analysis, serum concentrations were categorised into binary variables, using their medians as a cut-off (≤ median = low, > median = high), to be used as exposures in a logistic regression model. Nonintermediary variables associated with both primary exposure and outcome variables were included in the multivariable analyses as potential confounders. A P-value of < 0.1 in univariable analysis was used as threshold to select potential confounders for multivariable regression models. A P-value of < 0.05 was considered statistically significant.
